The Hippo Effector Yorkie Controls Normal Tissue Growth by Antagonizing Scalloped-Mediated Default Repression  by Koontz, Laura M. et al.
Developmental Cell
ArticleThe Hippo Effector Yorkie Controls
Normal Tissue Growth by Antagonizing
Scalloped-Mediated Default Repression
Laura M. Koontz,1 Yi Liu-Chittenden,1 Feng Yin,1 Yonggang Zheng,1 Jianzhong Yu,1 Bo Huang,1 Qian Chen,1 Shian Wu,2
and Duojia Pan1,*
1Department of Molecular Biology and Genetics, Howard HughesMedical Institute, Johns Hopkins University School of Medicine, Baltimore,
MD 21205, USA
2School of Life Sciences, Nankai University, Tianjin 300071, China
*Correspondence: djpan@jhmi.edu
http://dx.doi.org/10.1016/j.devcel.2013.04.021SUMMARY
TheHippo tumor suppressor pathway restricts tissue
growth by inactivating the transcriptional coactivator
Yki. Although Sd has been implicated as a DNA-bind-
ing transcription factor partner for Yki and can genet-
ically account for gain-of-function Yki phenotypes,
how Yki regulates normal tissue growth remains a
long-standing puzzle because Sd, unlike Yki, is
dispensable for normal growth in most Drosophila
tissues. Here we show that the yki mutant pheno-
types in multiple developmental contexts are
rescued by inactivation of Sd, suggesting that Sd
functions as a default repressor and that Yki pro-
motes normal tissue growth by relieving Sd-medi-
ated default repression. We further identify Tgi as a
cofactor involved in Sd’s default repressor function
and demonstrate that the mammalian ortholog of
Tgi potently suppresses the YAP oncoprotein in
transgenic mice. These findings fill a major gap in
Hippo-mediated transcriptional regulation and open
up possibilities for modulating the YAP oncoprotein
in cancer and regenerative medicine.
INTRODUCTION
The Hippo signaling pathway is a conserved regulator of organ
size in Drosophila and mammals, and its dysregulation contrib-
utes to human cancers (Halder and Johnson, 2011; Harvey and
Tapon, 2007; Pan, 2010; Zhao et al., 2010). This pathway func-
tions through a kinase cascade involving Hippo (Hpo) and Warts
(Wts) that ultimately phosphorylates and inactivates the tran-
scriptional coactivator Yorkie (Yki; YAP/TAZ in mammals)
(Huang et al., 2005). Understanding the mechanisms by which
Yki regulates tissue growth and target gene expression has
important implications for developmental and cancer biology.
As a transcriptional coactivator, Yki’s ability to regulate target
gene transcription depends on its interactions with DNA-binding
transcription factors. The best-characterized DNA-binding part-
ner of Yki is Scalloped (Sd; Goulev et al., 2008; Wu et al., 2008;388 Developmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier InZhang et al., 2008; Zhao et al., 2008), a TEAD/TEF family tran-
scription factor that is expressed in multiple imaginal discs
(Campbell et al., 1992). In previous studies, Sd was identified
as a Yki partner in multiple unbiased protein-protein interaction
screens (Giot et al., 2003; Wu et al., 2008) and through its ability
to bind a minimal Hippo responsive element (HRE) in the Hippo
target gene diap1 (Wu et al., 2008). Furthermore, an unbiased
genetic screen identified a point mutation in Yki that specifically
disrupts Yki-Sd binding (Wu et al., 2008). Consistent with these
molecular interactions, loss of sd fully rescues tissue overgrowth
and elevated target gene transcription induced by excessive yki
activity (Wu et al., 2008). A puzzling and unexpected finding from
these studies is that although sd is required for all phenotypes
induced by excessive yki activity, sd, but not yki, is dispensable
for the normal growth and expression of Hippo target gene
expression in most imaginal discs (Goulev et al., 2008; Huang
et al., 2005; Wu et al., 2008; Zhang et al., 2008). In fact, even
though yki is required for the growth of all imaginal discs, the
only place where sd is essential for such growth is the wing
pouch, a region that gives rise to the adult wing blade (Campbell
et al., 1992). In this context, Sd is known to function as a DNA-
binding partner for Vestigial (Vg), a Tondu-domain-containing
transcriptional coactivator that is specifically expressed in the
wing pouch (Halder et al., 1998; Simmonds et al., 1998). Here,
the Sd-Vg complex functions as master switch for specifying
the wing identity in the pouch region (Halder et al., 1998; Sim-
monds et al., 1998). Previous studies established that the Tondu
domain of Vg mediates its binding to Sd (Simmonds et al., 1998;
Vaudin et al., 1999). Conversely, both the Vg- and Yki-binding re-
gions of Sdweremapped to the C-terminal half of Sd (Simmonds
et al., 1998; Wu et al., 2008), suggesting that Sd interacts with Vg
and Yki in a mutually exclusive manner. Indeed, in the wing
pouch, the Sd-Vg and Sd-Yki complexes can regulate distinct
target genes independently of each other, consistent with the
notion that engagement of different coactivators influences the
target specificity of a common DNA-binding transcription factor
(Halder and Carroll, 2001; Wu et al., 2008).
The essentiality of yki and the apparent genetic dispensability
of sd in most Drosophila tissues have been a long-standing puz-
zle in Hippo-mediated transcriptional regulation. The contrasting
mutant phenotypes of sd and yki have led to the prevailing view
that even though sd can fully account for gain-of-function yki
phenotypes, Yki must engage other or additional DNA-bindingc.
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to interact with other DNA-binding transcription factors, such as
the TALE-homeodomain protein Homothorax (Hth) (Peng et al.,
2009) and the bone morphogenetic protein (BMP)/transforming
growth factor b (TGF-b) signaling effector Smad (Oh and Irvine,
2011), although similarly to Sd, neither protein has been shown
to genetically account for the ykimutant phenotype. As an alter-
native model to account for the different mutant phenotypes of
sd and yki, one can suppose that Sd functions by default as a
transcriptional repressor in the absence of Yki and that Yki reg-
ulates normal tissue growth by antagonizing Sd’s repressor
function in a ‘‘relief-of-repression’’ manner. According to this
model, the severe undergrowth of yki mutant clones is not due
simply to loss of Yki-mediated transcriptional activation, but
rather to active repression of the target gene transcription
exerted by Sd in the absence of Yki. In contrast, sd mutant
clones may show milder or even no growth defects compared
with yki mutants, since loss of Sd should result in derepression
of Hippo target genes. A critical genetic test to distinguish be-
tween these models is to analyze sd; yki double-mutant clones.
The default repression model predicts explicitly that the yki
mutant phenotypes should be rescued, at least partially, by
simultaneous inactivation of sd. In contrast, the model invoking
multiple Yki partners predicts that sd; yki double-mutant clones
should show amutant phenotype similar to that of the ykimutant
clones. To date, however, no such double-mutant analysis has
been reported.
Here we show that, despite the lack of loss-of-function pheno-
types for sd in most tissues, loss of sd rescues ykimutant pheno-
types in multiple developmental contexts. This striking genetic
epistasis uncovers a heretofore unrecognized function of Sd in
transcriptional repression and demonstrates that the primary
function of Yki in normal tissue growth is to relieve Sd-mediated
transcriptional repression. This default repression model is
further supported by the identification of Tgi, a Tondu-domain-
containing protein, as an Sd-binding cofactor that is required
for Sd’s default repression function. Importantly, the mammalian
ortholog of Tgi potently suppresses the YAP oncoprotein in vivo,
underscoring the generality of the mechanism uncovered in
Drosophila.
RESULTS
Sd Functions as a Default Transcriptional Repressor in
the Eye
To test whether loss of sd can rescue ykimutant phenotypes, we
generated sd; yki double-mutant clones in the developing eye
imaginal disc, where sd, but not yki, is dispensable for growth.
Because sd and yki are on different chromosomes, we used dou-
ble flippase recognition target (FRT) chromosomes carrying the
respective mutations in trans to double FRT chromosomes car-
rying GFP and red fluorescent protein (RFP) markers together
with an eye-specific flippase (FLP) source. Thus, sd; yki dou-
ble-mutant clones were generated in flies of the following geno-
type: eyFLP FRT19 GFP/FRT19 sd; FRT42 RFP/FRT42 ykiB5
(where sd yki double-mutant clones can be scored as negative
for both GFP and RFP). We then quantified the total area of the
double-mutant tissue as a fraction of the whole eye disc as an
indication of themutant tissue’s growth rate. As controls, we em-Deveployed a similar double-FRT strategy to generate and quantify
the area of sd and yki single-mutant clones, using flies containing
amutation-carrying FRT chromosome and awild-type FRT chro-
mosome in trans to double FRT GFP RFP chromosomes (eyFLP
FRT19 GFP/FRT19; FRT42 RFP/FRT42 ykiB5 for yki mutant
clones and eyFLP FRT19 GFP/FRT19 sd; FRT42 RFP/FRT42
for sdmutant clones). All quantification was done blindly without
knowing the genotype of the discs being analyzed.
As shown previously (Huang et al., 2005), yki single-mutant
(19; ykiB5) clones grew poorly (Figure 1A), comprising only
0.5% ± 0.1% of the eye discs (Figure 1F), and showed reduced
Diap1 expression. Also as shown previously (Wu et al., 2008), sd
single-mutant (sd47M; 42) clones (Figure 1B) grew normally,
comprising 16.6% ± 4.8% of the eye discs, and showed no
changes in Diap1 expression. Strikingly, sd47M; yki clones (Fig-
ure 1C) grew significantly more than yki mutant clones (p =
1.8E-6), comprising 15.2% ± 2.7% of the eye disc, and showed
normal Diap1 expression. In fact, there was no statistical differ-
ence between the fraction of sd47M; 42 and sd47M; ykimutant tis-
sues relative to the whole eye discs (p = 0.18; Figure 1F). To
ensure that this rescue was not due to nonspecific second hits
on the sd47M chromosome, we repeated the analysis using sddel,
a newly generated sd deletion allele (see Experimental Proce-
dures). The sddel allele behaved similarly to sd47M in rescuing
the growth defect and reduced Diap1 expression of the yki
mutant (Figures 1D–1F).
The complete rescue of ykimutant clones by simultaneous loss
of sd demonstrates that the loss-of-function phenotypes of yki,
includingpoorgrowthand reducedHippo targetgeneexpression,
result from active repression of target genes exerted by Sd in the
absenceofYki. Thus, in addition to thewell-established role forSd
in transcriptional activation driven by hyperactive Yki, the genetic
epistasis between sd and yki uncovers a role for Sd in transcrip-
tional repression. Furthermore, the directionality of this epistasis
demonstrates that repression, rather than activation, represents
the default activity of Sd. Our default repression model makes
explicit predictions about theexistenceof corepressor(s) required
for Sd’s default repression function. The identification and char-
acterization of an Sd-binding protein called Tondu-domain-con-
taining Growth Inhibitor (Tgi), as detailed below, provide further
molecular and genetic support for this overarching model.
Identification of Tgi as a Component of the Hippo
Pathway
We identified Tgi, corresponding to CG10741, in two unbiased
screens for potential components of the Hippo pathway (Figures
S1 and S2 available online; Table S1). First, Tgi was identified in a
gain-of-function screen for genes whose overexpression results
in decreased eye and wing size (Figures S1C and S1D). Quanti-
fication of wing hair density shows that Tgi-induced undergrowth
results from a reduction in cell number, not cell size. In the sec-
ond screen, Tgi was identified in a cell-based RNAi screen for
genes whose RNAi knockdown leads to increased expression
of a luciferase reporter driven by the minimal Sd-binding Hippo
responsive element (HRE) derived from the Hippo target gene
diap1 (Wu et al., 2008; Figure S1E; Table S1). RT-PCR and
RNA in situ hybridization revealed widespread Tgi expression
in whole adult flies, ovaries, wing discs, and eye discs, and ubiq-
uitous expression in both wing and eye discs (Figures S2A andlopmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inc. 389
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Figure 1. Yki Promotes Normal Growth by
Relieving Sd-Mediated Default Repression
in the Eye
(A–E) Eye discs containing mutant clones of the
indicated genotypes were stained with a-Diap1.
Note the small size and decreased Diap1 expres-
sion of 19; yki clones (A), but not sd; 42 (B and D) or
sd; yki clones (C and E; compare arrowheads).
(F) Quantification of the relative percentage of the
mutant tissues in the eye (mean ± SEM). At least 12
eye discs were blindly scored for each genotype.
Note the comparable areas occupied by sd; 42
and sd; yki mutant tissues.
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cance for Hippo signaling (Figure S1B). First, it has two Tondu
domains (T1 and T2), which comprise a known Sd-binding
domain that was first described in Vg (Simmonds et al., 1998;
Vaudin et al., 1999). Second, Tgi contains three PPxY motifs
(P1, P2, and P3), which comprise a well-established ligand motif
for WW domains and are prevalently present in Hippo pathway390 Developmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inc.components such as Yki, Sav, and Kibra.
FlyBase (http://flybase.org) annotates
two possible transcripts for Tgi that share
these molecular features (RA and RB)
(Figure S1A), and overexpression of either
transcript produced similar tissue under-
growth (Figure S1D). We therefore used
Tgi-RB for follow-up analysis.
To understand the molecular basis of
Tgi-induced growth suppression, we
analyzed the Hippo target genes diap1
and ex. Flp-out clones (Basler and Struhl,
1994) with Tgi overexpression showed a
cell-autonomous decrease of diap1 and
ex transcription (Figures 2A and 2B).
Non-Hippo targets, such as Eya and
Arm, and two well-characterized Vg tar-
gets, Vg and Distalless (Dll), were un-
affected (Figures 2C, 2D, S2C, and
S2D). In contrast to the case with Tgi,
overexpression of Vg, the only other
Tondu-domain-containing protein in
Drosophila, did not result in reduced
diap1 expression (Figures S2E and S2F).
These results suggest that Tgi sup-
presses tissue growth by interfering with
Hippo target transcription.
To position Tgi relative to the canonical
Hippo kinase cascade, we used the
mosaic analysis with a repressible cell
marker (MARCM) technique (Lee and
Luo, 1999) to generate wtsmutant clones
that simultaneously overexpressed Tgi.
MARCM clones with Tgi overexpression
were smaller than control clones and
showed decreased Diap1 expression
(Figures 2E and 2F). As expected, wts
mutant clones were overgrown, withelevated Diap1 levels (Figure 2G). Interestingly, wts mutant
clones with Tgi overexpression phenocopied Tgi-overexpress-
ing clones. Both were smaller than the control clones and
showed decreased Diap1 expression (Figure 2H), thus placing
Tgi genetically downstream of Wts. A functional link between
Tgi and Hippo signaling is also supported by extensive genetic
interactions with Yki and Sd (Figures S2G–S2I).
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Figure 2. Tgi Specifically Represses Hippo Target Genes and Functions Epistatically to Wts
(A–D) Eye discs containing GFP-marked Tgi Flp-out clones (arrowheads), showing decreased diap1-lacZ (A) or ex-lacZ (B), and normal expression of Eya (C) or
Arm (D).
(E–H) Wing discs containing GFP-marked MARCM clones of control (E), Tgi overexpression (F), wtsmutant (G), and wtsmutant with Tgi overexpression (H), and
stained for Diap1 protein.
See also Figures S1 and S2, and Table S1.
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Domains and Is Less Dependent on the PPxY Motifs
The primary sequence of Tgi suggests that it may interact phys-
ically with Sd (via the Tondu domains) and/or WW-domain-con-
taining pathway components (via the PPxYmotifs), amongwhich
Yki is a prime candidate given our genetic analysis that places
Tgi downstream of Wts. Indeed, Tgi and Sd coimmunoprecipi-
tated with each other in Drosophila S2R+ cells (Figure 3A). Tgi
also interacted with Yki in coimmunoprecipitation (coIP) assays
(Figure 3B). Structure-function analysis revealed that the Tgi-
Sd interaction requires the Tondu domains, as mutation of either
Tondu domain (T1 or T2) attenuated the Tgi-Sd interaction, and
mutation of both Tondu domains (T12) abolished it (Figure 3A).
Analysis of PPxY motif mutations identified P1 as the sole
PPxY motif that mediates Tgi-Yki association (Figure 3B).
To assess the functional relevance of the Tondu-mediated Tgi-
Sd interaction and PPxY-mediated Tgi-Yki interaction detected
by the coIP assays, we created upstream activating sequence
(UAS) transgenes expressing hemagglutinin (HA)-tagged wild-
type Tgi or mutant Tgi lacking Tondu or PPxY motifs using
phiC31-mediated site-specific transformation (Bischof et al.,
2007). Overexpression of wild-type Tgi using the wing-specific
driver nubbin-Gal4 resulted in a no-wing phenotype, whereas
overexpression of TgiT12 (Sd-binding defective) resulted in a
completely normal wing size (Figure 3C). In contrast, overex-
pression of TgiP1 (Yki-binding defective) or a triple mutant
(TgiP123) lacking all three PPxY motifs still resulted in significant
growth inhibition (Figure 3C). Consistent with these findings,
the T12 mutation completely eliminated Tgi’s effect on Diap1Deveexpression, while the P123 mutant still resulted in a visible
decrease in Diap1 expression (Figures S3A–S3D). Thus,
although both interactions can be detected by coIP and may
potentially contribute to Tgi-induced growth suppression, the
Tgi-Sd interaction clearly plays a more critical role than the
Tgi-Yki interaction. As shown later in this paper, the lesser role
for Tgi’s PPxY motifs in Drosophila is also consistent with the
absence of PPxY motifs in vertebrate homologs of Tgi.
Tgi Is Required for Sd-Mediated Default Repression in
the Eye Imaginal Disc
The Tgi-induced transcriptional repression, coupled with its
nuclear localization (Figure S3E) and physical interactions with
Sd, suggests that Tgi may function as a corepressor that is
required for Sd’s default repressor function. This model makes
several testable predictions. First, Tgi-overexpression pheno-
types should depend on Sd function. We tested this prediction
by examining sd mutant clones with Tgi overexpression. Unlike
Tgi-overexpression clones, which showed decreased expres-
sion of Diap1 and greatly reduced clone size, sd mutant clones
with Tgi overexpression showed normal Diap1 expression and
clone size (Figures 3D–3F). Consistent with these genetic find-
ings, chromatin immunoprecipitation (ChIP) revealed that Tgi
interacts with the diap1 HRE in an Sd-dependent manner (Fig-
ure 3G). Furthermore, Tgi inhibited Yki-mediated transcriptional
activation of the Sd-binding diap1 HRE, as well as binding of
Yki to the HRE (Figure S3F).
Second, loss of Tgi, like loss of Sd, should rescue yki mutant
eye phenotypes. We investigated this possibility by generatinglopmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inc. 391
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Figure 3. Tgi’s Growth-Suppressive Function Requires Sd
(A) Alignment of the Tondu domains from Drosophila Vg and Tgi and human Vgl4 (left), and coIP between Tgi and Sd (right). The Tondu-domain mutation was
made by changing the conserved D/ED/EHF sequence at the core of the domain to AAAA. For coIP, the indicated epitope-tagged constructs were expressed in
S2R+ cells and subjected to IP as indicated.
(B) CoIP between Yki and wild-type (WT) Tgi or Tgi mutants with single, double, or triple PPxY mutations. The PPxY motif was mutated by changing Tyr to Ala.
Note that mutation of P1, but not P2 or P3, abolished Tgi-Yki interactions, and all mutants containing P1 (P1, P12, P13, and P123) showed a similar abolishment of
Tgi-Yki interactions. Also note that mutation of both Tondu domains (T12) did not affect Tgi-Yki binding.
(C) Wild-type or Tgi mutants were expressed by nub-Gal4. Representative adult wings (if wings were present) or whole flies (if no wings were present) are shown.
The graph shows quantification of wing size relative to nub-Gal4/+ control (mean ± SEM). ND, not determined due to a no-wing phenotype.
(D–F) Eye discs containing GFP-marked MARCM clones of Tgi overexpression (D), sd mutant (E), or sd mutant with Tgi overexpression (F), and stained
for diap1-lacZ.
(G) Tgi binds to the HRE of diap1 in an Sd-dependentmanner. At the top is a schematic representation of the diap1 locus, showing exon 1 (Ex1) and exon 2 (Ex2) of
the RA transcript, as well as the previously defined HRE (Wu et al., 2008). Chromatins were precipitated from lysates of S2R+ cells expressing the indicated
combination of HA-Sd and FLAG-Tgi plasmids using anti-FLAG antibody. An 100 bp DNA (+3993 to +4101) encompassing the HRE was amplified following
ChIP. The region3536 to3430 (marked as 50con) was used as a negative control region for PCR. The HRE amplicon was enriched only in the presence of both
FLAG-Tgi and HA-Sd.
See also Figure S3.
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the second to third instar larval transition. The tgiDP mutant
clones, like the sd mutant clones, showed no detectable
changes in clonal growth, expression of the Hippo targets, or
subcellular localization of Yki and Sd in the eye imaginal disc
(Figure S4). Next, we investigated genetic epistasis between
tgi and yki using a double-FRT strategy similar to that used in
the analysis of the sd; yki double mutant, except that a different
FRT combination (GFP marked FRT80 and RFP marked FRT42)
was employed. If Tgi is involved in Sd-mediated default repres-
sion, one should also observe suppression of the yki mutant
phenotype in yki; tgi double mutants. As expected, yki single-
mutant (yki; 80) clones (Figure 4A) grew poorly, comprising
only 1.4% ± 0.4% of the eye discs, and showed reduced392 Developmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier InDiap1 expression. tgi single-mutant (42; tgi) clones (Figure 4B)
comprised 15% ± 3.6% of the eye disc and showed no changes
in Diap1 expression. Importantly, yki; tgi double-mutant clones
(Figure 4C) grew significantly better than yki single-mutant (yki;
80) clones (p = 0.00011; Figure 4D), comprising 6.9% ± 1.4%
of the eye discs. We note, however, that the rescue of ykimutant
clones by loss of tgi was incomplete, since yki; tgi double-
mutant tissues still grew less than tgi single-mutant (42; tgi) tis-
sues and still showed reduced Diap1 expression (Figures 4A–
4D). These data suggest that Tgi plays a partial role in Sd-medi-
ated default repression in the eye disc and that additional Sd co-
repressors are likely required in this context. The fact that Tgi
can be functional in the complete absence of Yki, as indicated
by their genetic epistasis relationship, is consistent with ourc.
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Figure 4. Tgi Is Required for Default Repression but Not for Yki-Mediated Activation
(A–D) Loss of tgi partially rescues yki loss-of-function phenotypes. Eye discs containing mutant clones of the indicated genotypes were stained with a-Diap1
(A–C). The areas occupied by themutant tissues are quantified in (D) (mean ± SEM). The 42D ykiB5; 80B tgiDPmutant clones were significantly larger than the 42D
ykiB5; 80B+ mutant clones, but still statistically smaller than the 42D+; 80B tgiDP mutant clones (p = 0.00016), and still showed decreased Diap1 expression
(arrowheads).
(E–G) Tgi is not required for Yki-mediated activation. Eye discs (E and F) and wing disc (G) containing MARCM clones (GFP positive) of the indicated genotypes
were stained for Diap1. Yki-overexpressing clones with or without the tgi mutation showed similar round clone shapes and elevated Diap1 levels.
(H) Yki inhibits Sd-Tgi binding in cultured cells. The indicated plasmids were transfected into S2R+ cells and subjected to IP by anti-FLAG. HA-Yki, but not
HA-YkiP88L (Wu et al., 2008), inhibited Sd-Tgi interactions.
(I) Yki inhibits Sd-Tgi binding in vitro. Lanes 1 and 2: FLAG-Tgi expressed in S2R+ cells was immunoprecipitated with anti-FLAG conjugated beads. Beads with or
without FLAG-Tgi were incubated with bacterially purified CFP-Sd protein, and the amount of CFP-Sd that was bound by the beads was probed with a-CFP
antibody. CFP-Sd was recovered only by beads with FLAG-Tgi. Lanes 3–5: Similar to lane 2 except that increasing concentrations of bacterially purified Yki (03,
0.53, and 13 relative to CFP-Sd, lanes 3–5) were added to the incubation mixture. Increasing concentrations of Yki decreased the amount of CFP-Sd bound to
FLAG-Tgi conjugated beads.
See also Figure S4.
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motifs in Tgi-induced growth suppression and target gene
repression.
Third, if Tgi functions specifically as a corepressor for Sd, one
should be able to genetically distinguish between Tgi and Sd,
since although both proteins are involved in default repression,
only Sd is required for transcriptional activation. We tested this
prediction by examining the genetic requirement of Tgi in Yki-
induced overgrowth, which absolutely requires Sd-mediated
transcriptional activation. Unlike Sd (Wu et al., 2008), loss of
Tgi does not suppress tissue overgrowth or elevated Hippo
target transcription in Yki-overexpression clones (Figures 4E–
4G). These results exclude the possibility that Tgi simply func-
tions as a generic Sd-binding scaffold that promotes Sd functionDevein nonspecific ways, such as stabilizing Sd, as suchmodel would
predict Tgi to be required for both loss- and gain-of-function Yki
phenotypes.
Taken together, these results indicate that Sd functions by
default as a transcriptional repressor by engaging Tgi, and that
Yki regulates normal tissue growth by relieving Sd-mediated
default repression. Implicit in this model is the prediction that
Yki should compete with Tgi in binding to Sd. Indeed, Yki, but
not a mutant form of Yki defective in Sd binding, greatly dimin-
ished Sd-Tgi interactions in S2R+ cells (Figure 4H). Such compe-
tition was further confirmed in vitro with the use of purified pro-
teins (Figure 4I). Similar competitions were also observed
between the mammalian counterparts of Yki, Sd, and Tgi (see
further below).lopmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inc. 393
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Figure 5. Default Repression IsMediated by
Sd and Tgi in Ovarian Follicle Cells
(A–E) Loss of sd or tgi results in persistent Cut
expression in stage 7–9 PFCs. Mutant clones of
the indicated genotypes were marked as GFP
negative and stained for Cut. PFC clones are
highlighted by white dots.
(A–C) Stage 7 egg chambers. Note the persistent
expression of Cut in PFC clones of sd or tgi, but
not yki.
(D and E) Stage 9 egg chambers, showing
persistent Cut expression in sd; yki or yki; tgi
double-mutant PFC clones.
(F–J) Loss of sd or tgi rescues the yki mutant
phenotype in early-stage follicle cells. Mosaic
stage 5 egg chambers were stained for Cut.
Mutant clones of the respective genotypes are
marked as GFP negative and highlighted by white
dots. Note the reduced Cut expression in yki
clones but not in sd, tgi, sd; yki, or yki; tgi clones.
See also Figure S5.
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Default Repression in the Hippo Signaling PathwaySd Functions as a Default Transcriptional Repressor in
Ovarian Follicle Cells
The genetic epistasis presented above provides compelling ev-
idence that Sd functions by default as a transcriptional
repressor. To investigate whether default repression is unique
to the eye, we turned to oogenesis, where Hippo signaling is
required in the posterior follicle cells (PFCs) for a mitosis-to-
endoreplication switch between stages 6 and 7 (Meignin et al.,
2007; Polesello and Tapon, 2007; Yu et al., 2008). Prior to this
switch, Hippo signaling is presumably off or low in the follicle
cells, leaving Yki in an active state to activate a mitotic transcrip-
tional program. After this switch, Hippo signaling becomes acti-
vated in PFCs, rendering Yki inactive and thereby turning off the
mitotic transcriptional program (Figure S5A). Thus, oogenesis of-
fers a unique tissue context in which one can readily test our
model in both Yki-on (stages 1–6, mitotic) and Yki-off (stages
7–9, endoreplicative) follicle cells.
We first analyzed stage 7–9 follicle cells, corresponding to the
Hippo-on/Yki-off state. A hallmark of Hippo pathway tumor-sup-
pressor mutants is the persistent expression of cut in PFCs
(Meignin et al., 2007; Polesello and Tapon, 2007; Yu et al.,394 Developmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inc.2008). Unlike sd or tgi clones, yki mutant
clones were hard to recover in stage 7
egg chambers and could not be recov-
ered beyond stage 7. The rare yki mutant
clones recovered at stage 7 showed no
cut expression as observed in wild-type
PFCs, consistent with the Yki-off state
of the endoreplicative follicle cells (Fig-
ure 5A). Strikingly, in stage 7 egg cham-
bers, we observed persistent expression
of cut in the PFCs of the mutant clones
of sd (100%, n = 28) or tgi (97%, n = 39;
Figures 5B and 5C). Furthermore, unlike
yki clones, the sd; yki or yki; tgi double-
mutant clones could be readily recovered
beyond stage 7, and persistent cut
expression could be detected in thesedouble-mutant clones even at stage 9 (Figures 5D and 5E). The
fact that sd and tgi mutant PFCs show cut expression similar
to that observed with inactivation of upstream Hippo tumor sup-
pressors demonstrates that in the endoreplicative Yki-off follicle
cells, Sd and Tgi are required to repress cut expression. Consis-
tent with these defects, some egg chambers containing sd or tgi
mutant PFC clones showed mislocalization of Gurken (Grk) pro-
tein in the oocyte (Figures S5B–S5F).
Next, we examined stage 1–6 follicle cells, where Yki is pre-
sumably active, as in third-instar eye discs. Consistent with the
Yki-on state of early follicle cells, yki mutant clones showed
reduced cut expression (77%, n = 39; Figure 5F). In contrast,
we observed no changes of cut expression in mutant clones of
sd (93%, n = 14; Figure 5G) or tgi (100%, n = 20; Figure 5H).
Thus, the requirement of yki and the dispensability of sd or tgi
in early follicle cells resembles the requirement/dispensability
of the respective genes in the eye. Importantly, as in the eye,
inactivation of sd or tgi significantly rescued the ykimutant pho-
notype in early follicle cells, as 60% of sd; yki double-mutant
clones (n = 25; Figure 5I) and 44% of yki; tgi double-mutant
clones (n = 18; Figure 5J) showed normal cut expression. Taken
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Figure 6. Sd and Tgi Are Required for Ectopic Apoptosis Induced by Hyperactive Hippo Signaling
(A–G) Eye discs were stained for TUNEL (red) and DAPI (blue; A–F), and TUNEL-positive nuclei were quantified (G) (mean ± SEM, n = 8). TUNEL-positive nuclei in
the whole eye disc were counted by projecting a z stack of serial confocal optical sections into one focal plane (***p < 1.5E-5). The complete genotypes are as
follows: (A) UAS-Dicer2; GMR-Gal4; (B) UAS-Dicer2; GMR-Gal4 UAS-Ex; UAS-GFPRNAi; (C) UAS-Dicer2; GMR-Gal4; UAS-Sd RNAi; (D) UAS-Dicer2; GMR-
Gal4 UAS-Ex; UAS-SdRNAi; (E) UAS-Dicer2; GMR-Gal4/UAS- TgiRNAi; and (F) UAS-Dicer2; GMR-Gal4 UAS-Ex/UAS-TgiRNAi.
(H–L) Wing discs were stained for TUNEL and DAPI (H–K), and TUNEL-positive nuclei in the wing pouch region were quantified by z stack projections of confocal
sections (L). The complete genotypes are as follows: (H) MS1096-Gal4 UAS-Flp; UAS-Hpo; (I) MS1096-Gal4 UAS-Flp; UAS-Hpo; FRT80BtgiDP/FRT80 RpS17; (J)
UAS-Dicer2; nub-Gal4/UAS-Hpo; and (K) UAS-Dicer2; nub-Gal4/UAS-Hpo; UAS-TgiRNAi. (L) shows quantification of TUNEL-positive nuclei in the wing pouch
(mean ± SEM, n = 8; ***p < 2.5E-5).
(M and N) Adult flies corresponding to animals analyzed in (H) and (I), and (J) and (K), respectively. Note the extremely reduced wing size in flies expressing UAS-
Hpo by MS1096-Gal4 or nub-Gal4 (animal to the left; showing tiny wing remnants), and the appreciable wing size of flies in which Hpo overexpression was
combined with loss of Tgi (animal to the right).
(O) A model for how Hippo signaling switches Sd between Tgi-mediated repression and Yki-mediated activation. Additional Sd corepressors (protein X in the
diagram) likely exist, because Tgi plays a partial role in Sd-mediated default repression in the eye disc. See text for details.
See also Figure S6.
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Default Repression in the Hippo Signaling Pathwaytogether, these results indicate that in both mitotic and endore-
plicative follicle cells, Sd functions as a default repressor by
engaging Tgi.
Sd and Tgi Are Required for Ectopic Apoptosis Induced
by Hyperactive Hippo Signaling in the Eye and Wing
We reasoned that if loss of sd or tgi can reverse mutant pheno-
types resulting from a null mutation of yki, it should also reverse
phenotypes caused by hyperactive Hippo signaling, a condition
that is associated with Yki phosphorylation and inactivation. We
first tested this hypothesis in the eye by taking advantage of a
genetic background of hyperactive Hippo signaling in which
overexpression of Ex by the GMR-Gal4 driver induces a stripeDeveof dying cells posterior to the morphogenetic furrow in third
instar eye discs. Indeed, RNAi knockdown of Sd or Tgi, but not
a control gene (GFP), significantly suppressed Ex-induced
ectopic cell death (Figures 6A–6G) without affecting Ex trans-
gene expression (Figure S6). Thus, although neither sd nor tgi
is essential for normal eye development, both genes are required
for ectopic cell death induced by hyperactive Hippo signaling.
These data are entirely consistent with our analysis of sd; yki
and tgi; yki double-mutant clones in the eye, and provide further
support for the default repressor function of the Sd-Tgi complex.
Next, we tested whether the Sd-Tgi complex is required for
ectopic cell death induced by hyperactive Hippo signaling in
the wing disc. Because Sd is essential in the wing due to itslopmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inc. 395
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Figure 7. Conserved Function of Vgl4 in Hippo Signaling and Organ Size Control
(A) Vgl4 binds to TEAD2 but not YAP. The indicated plasmids were transfected into HEK293 cells and analyzed by IP.
(B) YAP inhibits TEAD2-Vgl4 binding in cultured cells. The indicated plasmids were transfected into HEK293 cells and subjected to IP by anti-Myc. HA-YAP, but
not the TEAD binding-defective HA-YAPS94A (Zhao et al., 2008), inhibited TEAD2-Vgl4 interactions.
(C) YAP inhibits in vitro binding between TEAD2 and Vgl4. Lanes 1 and 2: HA-Vgl4 expressed in HEK293 cells was immunoprecipitated on Protein G beads.
Protein G beads with or without HA-Vgl4 were incubated with purified His-TEAD2, and the amount of His-TEAD2 that was bound by the beads was probed with
(legend continued on next page)
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Default Repression in the Hippo Signaling Pathwayfunction in the Sd-Vg complex, we cannot specifically interro-
gate the requirement of Sd with respect to Hippo signaling. We
therefore asked whether Tgi, an Sd corepressor specific to Hip-
po signaling, is required for ectopic apoptosis induced by hyper-
active Hippo signaling in the wing. We used two different strate-
gies to reduce Tgi function in the wing: (1) RNAi knockdown and
(2) wing-specific FLP/FRT-mediated recombination of tgiDP
coupled with a Minute mutation. In both cases, we found that
Tgi is required for Hpo-induced ectopic cell death and reduction
in wing size (Figures 6H–6N). Thus, although Tgi is dispensable in
the wing, as in the eye disc, it is nonetheless required under con-
ditions of hyperactive Hippo signaling.
Functional Conservation of Vgl4, the Mammalian
Ortholog of Tgi
The mammalian genome encodes four Tondu-domain-contain-
ing proteins, Vestigial-like 1 (Vgl1)–Vgl4. Among these proteins,
Vgl4 is the only one with two Tondu domains, and phylogenetic
analysis unambiguously identifies Vgl4 as the mammalian ortho-
log of Tgi (Figure S7A). Unlike Tgi, Vgl4 does not contain PPxY
motifs (Figure S1B). Consistent with these molecular features,
Vgl4 coimmunoprecipitated with TEAD2 but not YAP in
HEK293 cells (Figures 7A and S7B). Like their Drosophila coun-
terparts, YAP potently inhibited TEAD-Vgl4 interaction, as shown
by coIP in HEK293 cells (Figure 7B) and in vitro binding using pu-
rified proteins (Figure 7C). To assess a possible role for Vgl4 in
Hippo signaling, we ectopically expressed human Vgl4 in
Drosophila. As with Tgi, overexpression of Vgl4 by nub-Gal4 re-
sulted in a decrease in wing size in a Tondu-domain-dependent
manner (Figure 7D). Furthermore, although overexpression of
Vgl4 by GMR-Gal4 had no visible effect on eye size by itself, it
significantly suppressed the eye overgrowth resulting from
YAPS127A, an activated form of the human YAP (Figure 7E).
Consistent with Vgl4’s ability to suppress YAP-driven over-
growth in Drosophila, in HEK293 cells, Vgl4 potently suppressed
YAP-mediated transactivation of Gal4-TEAD (Figure S7C) aswell
as a luciferase reporter driven by the promoter of Ctgf, a direct
transcription target of YAP-TEAD (Zhao et al., 2008; Figure S7D).a-His antibody. His-TEAD2 was recovered only by Protein G beads with HA-Vgl
concentrations of purified YAP (03, 0.53, and 13 relative to TEAD2, lanes 3–
decreased the amount of TEAD2 bound to HA-Vgl4 conjugated Protein G beads
(D) nub-Gal4 was used to express attB-UAS-Vgl4 or attB-UAS-Vgl4T12 inserted in
relative to nub-Gal4/+ control (mean ± SEM, n = 8). Vgl4-expressing wings were s
expressing wings were slighted smaller than control wings (95% ± 1% versus 10
(E) Vgl4 suppressed eye overgrowth induced by YAP127A in Drosophila.
(F) Livers from WT, ApoE-rtTA/TRE-Vgl4 (ApoE > Vgl4), ApoE-rtTA/TRE-YAP (Apo
with0.2g/lDox for 4weeksstartingat 3weeksof age (4W0.2, top row)or 1g/lDox fo
YAP livers in both conditions and the widespread development of HCC (arrowhea
(G) Quantification of the liver-to-body-weight ratio for animals analyzed in (F). In a
treated with 0.2 g/l Dox for 2 weeks starting at 3 weeks of age (abbreviated as 2
(H) Following 2 weeks of 0.2 g/l Dox treatment starting at 3 weeks of age, liver ly
human YAP (top gel), an antibody reactive to both mouse and human YAP (middle
each genotype.
(I) Vgl4 suppressed theNf2-deficient phenotype in the liver. Littermates of the follo
with CK staining (arrowheads):
WT: ROSA26-loxP-STOP-loxP-rtTA/+; NF2flox2/+.
>Vgl4: Alb-Cre; Nf2flox2/+; ROSA26-loxP-STOP-loxP-rtTA/+; TRE-Vgl4.
NF2CKO: Alb-Cre; Nf2flox2/flox2; ROSA26-loxP-STOP-loxP-rtTA/+.
NF2CKO > Vgl4: Alb-Cre; Nf2flox2/flox2; ROSA26-loxP-STOP-loxP-rtTA/+; TRE-Vgl
See also Figure S7 and Table S2.
DeveIn both cell-based transcription assays, mutation of Vgl4’s
Tondu domains abolished its repressive activity (Figures S7C
and S7D), in agreement with an absolute requirement for Tondu
domains in Vgl4-TEAD interactions (Figure S7E). Taken together,
these findings suggest that Vgl4 may play a conserved role in
mammalian Hippo signaling.
Vgl4 Potently Suppresses the YAP Oncoprotein in
Mammals
The widespread overexpression/activation of YAP in human
cancers has stimulated much interest in developing therapeutic
interventions against this oncoprotein (Liu-Chittenden et al.,
2012). Based on our finding that Vgl4 suppresses tissue over-
growth driven by activated YAP oncoprotein in Drosophila, we
reasoned that Vgl4 may be exploited as an inhibitor of YAP in
mammals. To test this hypothesis, we generated TRE-Vgl4
transgenic mice that express human Vgl4 under the control of
a tetracycline-responsive element (TRE). We then examined
Vgl4’s ability to suppress YAP oncogenic activity using two
mouse models of YAP gain of function, achieved by transgenic
YAP overexpression or inactivation of a tumor suppressor up-
stream of YAP.
We previously reported a transgenic mouse model, ApoE-
rtTA/TRE-YAP, which allows overexpression of human YAP in
mouse livers in a doxycycline (Dox)-dependent manner (Dong
et al., 2007). Induction of YAP overexpression starting at 3 weeks
of age leads to a rapid expansion of liver size, whereas induction
of YAP overexpression starting at birth leads to hepatomegaly
accompanied by widespread development of hepatocellular
carcinoma (HCC) (Dong et al., 2007). To test the efficacy of
Vgl4 in blocking YAP-induced overgrowth and tumorigenesis,
we generated mice containing both TRE-Vgl4 and ApoE-rtTA/
TRE-YAP. Inmice subjected toDox treatment starting at 3weeks
of age, Vgl4 greatly suppressed YAP-induced liver overgrowth
(Figures 7F and 7G), whereas inmice subjected to Dox treatment
starting at birth, Vgl4 greatly suppressed YAP-induced hepato-
megaly and completely abolished YAP-induced HCC formation
(Figures 7F and 7G). These results are particularly striking given4 (compare lanes 1 and 2). Lanes 3–5: Similar to lane 2 except that increasing
5) were added to the incubation mixture. Increasing concentrations of YAP
.
to the same chromosomal locus. The graph shows quantification of wing size
maller than control wings (69% ± 1% versus 100% ± 1%; p = 3.4E-7). Vgl4T12-
0% ± 1%; p = 0.004).
E > YAP), and ApoE-rtTA/TRE-YAP/TRE-Vgl4 (ApoE > YAP+Vgl4) mice treated
r8weeksstartingatbirth (8WB1.0,bottomrow).Note theenlargedsizeofApoE>
ds) in the 8WB1.0 condition. Both were suppressed in ApoE > YAP+Vgl4 livers.
ddition to the 4W0.2 and 8WB1.0 conditions, a condition in which animals were
W0.2) is also included. Values are mean ± SEM; nR 3 for each data point.
sates from the indicated genotypes were probed with an antibody specific to
gel), and an antibody against actin (bottom gel). Three mice were analyzed for
wing genotypeswere treatedwith Dox starting from E11.5 and analyzed at birth
4.
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wild-type background did not reduce liver size (Figures 7F and
7G). Consistent with the phenotypic suppression, Vgl4 greatly
attenuated the transcription of many genes that are known to
be induced in YAP transgenic livers, such as Afp, survivin,
Ctgf, Epcam, and Osteopontin (Opn) (Dong et al., 2007; Fig-
ure S7F). Importantly, Vgl4 overexpression did not reduce YAP
protein levels in the double transgenic livers (Figure 7H),
excluding the possibility that Vgl4 reduced YAP transgene
expression or YAP protein stability.
We previously showed that inactivation of NF2/Merlin, an up-
stream tumor suppressor in the Hippo pathway, results in bile
duct overproliferation due to activation of endogenous YAP
(Zhang et al., 2010). Therefore, the NF2/Merlin-deficient livers
provide a distinct genetic context in which oncogenic YAP activ-
ity is caused by activation of endogenous YAP rather than trans-
gene overexpression. To test whether Vgl4 can suppress NF2/
Merlin-deficient liver phenotypes, we generated Alb-Cre;
Nf2flox2/flox2; ROSA26-loxP-STOP-loxP-rtTA; TRE-Vgl4 mice, in
which Vgl4 can be expressed in a Dox-dependent manner in
Nf2 mutant livers. An important feature of this genetic strategy
is that it combinesCre-mediatedNf2 inactivationwith rtTA-medi-
ated Vgl4 expression: the Alb-Cre inactivates Nf2 in the liver and
meanwhile activates rtTA expression by excising a loxP-flanked
transcriptional STOP signal (Belteki et al., 2005). In turn, the re-
sulting liver-specific expression of rtTA from the ROSA26 locus
activates Vgl4 expression in a Dox-dependent manner. Since
Alb-Cre drives liver-specific Cre expression starting at embry-
onic day 13.5 (E13.5) (Geisler et al., 2008), we subjected timed
pregnantmothers bearing such animals toDox treatment starting
at E11.5, and visualized biliary epithelial cells (BECs) by cytoker-
atin (CK) staining at birth. As in our previous study (Zhang et al.,
2010), Nf2mutant livers showed a massive increase in the abun-
dance of CK-positive BECs (Figure 7I). Strikingly, this phenotype
was completely suppressed by Vgl4 expression (Figure 7I).
Taken together, these results suggest that Vgl4 can be exploited
as a potent inhibitor of the YAP oncoprotein in mammals.
DISCUSSION
Yki Regulates Normal Tissue Growth by Relieving Sd-
Mediated Default Repression
The transcriptional coactivator Yki occupies a pivotal position in
the Hippo signaling pathway. Loss of upstream tumor suppres-
sors, or simply overexpression of Yki, leads to gain of function
of Yki that drives massive tissue overgrowth in an Sd-dependent
manner. Although the overgrowth phenotypes driven by hyper-
active Yki underscore the normal function of the tumor suppres-
sors acting upstream of Yki, they do not inform us about how
physiological levels of Yki regulate normal tissue growth. Indeed,
a long-standing conundrum with regard to the latter point cen-
ters on the essentiality of yki and the apparent genetic dispens-
ability of sd in most Drosophila tissues. Thus, how physiological
levels of Yki control normal tissue growth has remained an unre-
solved issue.
The differential mutant phenotype of sd and yki led to the view
that additional DNA-binding transcription factors, either by
themselves or in addition to Sd, may function together with Yki
in normal tissue growth. In retrospect, such models were pro-398 Developmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inposed under the assumption that Sd can only mediate transcrip-
tional activation. Although the supposition of additional Yki part-
ners provides a plausible explanation for the different genetic
requirements of sd and yki in normal growth, it has obvious short-
comings. First, since Sd can fully account for all phenotypic con-
sequences resulting from Yki gain of function (Wu et al., 2008),
such models must invoke complicated mechanisms for Yki to
switch between binding partners at different Yki activity levels.
Second, in other transcription-based developmental pathways,
such as Notch and Wnt signaling, the signal-responsive tran-
scriptional coactivator (i.e., the Notch intracellular domain for
Notch signaling and Arm/b-catenin for Wnt signaling) usually en-
gages a dedicated DNA-binding transcription factor (Su(H)/
RBPjk for Notch signaling and Pangolin/TCF for Wnt signaling;
Barolo and Posakony, 2002). The supposition of multiple Yki
partners would make the Hippo pathway an exception to this
general rule.
The realization that Sd functions as a default repressor offers a
simple explanation for the differential mutant phenotypes of sd
and yki. The complete rescue of yki growth defects in the eye
by sd mutations demonstrates that the yki mutant phenotypes
are largely due to Sd-mediated repression of target genes,
instead of loss of Yki-mediated activation. Thus, physiological
levels of Yki promote normal tissue growth not by ‘‘activating’’
transcription, but by relieving the repressor activity of Sd (Fig-
ure 6O). Conversely, the lack of mutant phenotypes for sd in
the eye discs can be explained by derepression of Hippo target
genes in the absence of Sd’s repressor function. This model also
provides a simple solution for the seemingly bewildering obser-
vation that loss of Sd is epistatic to both loss and gain of function
of Yki: in the absence of Sd, the transcriptional state of target
genes should be the same (derepressed) irrespective of Yki ac-
tivity. Whether a similar default repression mechanism operates
in mammals remains to be tested, although this may be techni-
cally challenging given the presence of multiple mammalian Sd
and Yki homologs.
Default Repression as a General Mechanism in
Developmental Signaling
Default repression has been noted as a common theme in tran-
scription-based developmental pathways such as Hedgehog,
Notch, and Wnt (Affolter et al., 2008; Barolo and Posakony,
2002). Sd-mediated default repression is similar to these
precedents, but in an antithetic manner, since Hippo signaling
induces inactivation rather than activation of the signal-respon-
sive coactivator Yki. Irrespective of whether a signal-responsive
coactivator is activated or inactivated by signaling, these path-
ways all involve a transcriptional switch whereby a pathway-
specific coactivator converts the DNA-binding transcription
factor from a state of transcriptional repression to activation.
Another commonality is that inactivation of a pathway-specific
DNA-binding transcription factor (e.g., Sd for Hippo, Ci for
Hedgehog, Su(H) for Notch, and TCF for Wnt) results in a quan-
titativelymilder phenotype than genetic loss of signaling or coac-
tivator. Interestingly, in every case, such genetic discrepancies
had led to proposals of pathway bifurcation at the level of tran-
scription factors. However, through double-mutant analyses
akin to those employed in the current study, it was shown that
the milder phenotypes caused by loss of the DNA-bindingc.
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repressor activity (Cavallo et al., 1998; Me´thot and Basler,
2001; Morel and Schweisguth, 2000). Why is default repression
such a pervasive mechanism in developmental signaling? It
was suggested that default repression increases signaling
robustness and fidelity by ensuring signal-regulated transcrip-
tion while at the same time preventing spurious target gene
expression in the absence of the signal-regulated coactivator
(Affolter et al., 2008; Barolo and Posakony, 2002). Such precision
and robustness are of utmost importance for Hippo signaling, as
a cell’s decision to proliferate, survive, or die must be tightly
controlled.
Loss of Sd or Tgi leads to gain-of-function Yki phenotypes in
late ovarian follicle cells, but no visible phenotypes in eye discs.
Such context dependency is not unique to the Hippo pathway.
For example, the default repressor function of Ci is critical for
Hedgehog signaling in imaginal discs but is dispensable in
embryogenesis (Me´thot and Basler, 1999). In Notch signaling,
the corepressor Hairless is required for neurogenesis in imaginal
discs but is dispensable in embryos (Schweisguth and Lecour-
tois, 1998). We suggest that whether loss of Sd/Tgi results in a
visible gain-of-function Yki phenotype depends on the status
of Yki activity. In endoreplicative follicle cells, Yki is inactive
due to high levels of Hippo signaling. In this context, Sd’s default
repression function prevails and, accordingly, loss of Sd or Tgi
leads to derepression. In contrast, in third-instar eye discs or
mitotic follicle cells, Yki is active and is indeed genetically indis-
pensable. In these contexts, the Sd-Tgi repressor activity is kept
largely inactive by the active Yki, which explains why loss of Sd
or Tgi does not lead to phenotypic consequences. Consistent
with this reasoning, an essential role for Sd and Tgi can be genet-
ically uncovered when their mutations are combined with the yki
mutation, or when Yki activity is artificially lowered by hyperac-
tive Hippo signaling.
Recent studies demonstrated that the Hippo signaling
pathway was already present in unicellular ancestors of Meta-
zoa, as illustrated by the ability of the Sd-Yki complex from uni-
cellular organisms such as Capsaspora to induce dramatic eye
overgrowth in Drosophila (Sebe´-Pedro´s et al., 2012). Interest-
ingly, the Sd corepressor Tgi/Vgl4 is conserved in Capsaspora,
and comparative genomic analysis reveals a striking coexis-
tence between Tgi and Yki throughout evolution (Table S2).
Thus, default repression may represent a fundamental aspect
of Hippo signaling with a deep evolutionary origin.
The Discovery of Tgi/Vgl4 Opens Avenues for
Modulating the YAP Oncoprotein
It is interesting to compare Tgi with Vg, the only other Tondu-
domain-containing protein in Drosophila. Vg contains a single
Tondu domain, is expressed in a tissue-specific manner, and
acts as a transcriptional coactivator for Sd. In contrast, Tgi
contains two Tondu domains, is widely expressed in multiple tis-
sues, and functions as a transcriptional corepressor for Sd. Like-
wise, in vertebrates, the single-Tondu-domain proteins Vgl1,
Vgl2, and Vgl3 are each expressed in restricted tissues and act
as transcriptional coactivators for TEAD factors (Faucheux
et al., 2010; Gu¨nther et al., 2004; Maeda et al., 2002). In contrast,
Vgl4, which contains two Tondu domains, is expressed ubiqui-
tously in all tissues (Faucheux et al., 2010) and inhibits TEAD/DeveYAP-mediated transcription (this study). We suggest that the
ubiquitous expression of Tgi reflects the widespread role of Hip-
po signaling in animal development, whereas the restricted
expression of Vg follows its role as a selector gene in a specific
tissue context. This hypothesis is supported by the coexistence
of Yki and Tgi homologs in diverse phylogenetic lineages down
to single-cell organisms (Table S2). In contrast, Vg homologs ap-
peared much later in evolution, subsequent to the emergence of
Ecdysozoa (Table S2). Another interesting characteristic of Tgi is
that its repressor activity is specific to Hippo/Yki targets, since
Tgi overexpression does not affect the expression of Vg targets
(Figures S2C and S2D) even though Vg and Yki engage the same
DNA-binding transcription factor, Sd. Conversely, Vg overex-
pression does not suppress Hippo targets (Figures S2E and
S2F). What determines the target selectivity of Tgi versus Vg?
What molecular features dictate the repressor function of Tgi
versus the activator function of Vg? How did single-Tondu-
domain and double-Tondu-domain proteins evolve to regulate
distinct cellular processes? These are interesting questions
that warrant further investigation.
Using transgenic mice, we provide direct evidence that Vgl4
can be exploited as a potent inhibitor of the YAP oncoprotein
in vivo. Since Vgl4 directly targets the transcriptional machinery
at the end of the Hippo pathway, this strategy can potentially be
applied in a wide spectrum of human cancers, irrespective of
whether YAP is activated through gene amplification/overex-
pression or genetic/epigenetic silencing of upstream tumor sup-
pressors, as illustrated in our proof-of-concept experiment
involving YAP overexpression or inactivation of Merlin/NF2 in
mice. Therefore, finding ways to enhance Vgl4’s function in vivo,
possibly through the use of chemicals that enhance Vgl4’s
repressor activity or Vgl4-based protein and gene therapies,
may be beneficial for treating a wide array of human cancers.
Conversely, there may be situations in which attenuating
Vgl4’s function (and thus enhancing YAP’s function) may be
desirable, such as promoting tissue regeneration or stem cell
expansion. Thus, our identification of Tgi/Vgl4 provides an
exciting entry point for modulation of Hippo signaling activity in
cancer and regenerative medicine.EXPERIMENTAL PROCEDURES
Overexpression Screen for Growth Regulators
TheGene Search (GS) system (Toba et al., 1999) was used to conduct an over-
expression screen for new growth regulators. Flies containing a GS P-element
on the CyO balancer were crossed to flies containing an active D2–3 transpo-
sase. The resultant dysgenic male progeny were then crossed to w1118 fe-
males. The resulting individual white+ male progeny were then crossed to
eye-specific GMR-Gal4 flies and screened for changes in eye size. The
same white+ males were later crossed to wing-specific Vg-Gal4, and we
selected insertions that resulted in consistent changes in both eye and wing
size. P-element integration sites were determined by inverse PCR (BDGP:
http://www.fruitfly.org/about/methods/inverse.pcr.html). In addition to Tgi,
we recovered insertion lines in known regulators of organ growth, such as
bantam, yki, dIAP1, and imp-L2.
RNAi Screen using HRE-Luciferase Reporter
S2R+ cells were propagated in Drosophila Schneider’s medium (GIBCO) sup-
plemented with 10% fetal bovine serum and antibiotics according to standard
protocols (Wu et al., 2003). Cells were transfected with Yki and Sd expression
plasmids, the HRE-luciferase reporter (containing 24 tandem copies of thelopmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inc. 399
Developmental Cell
Default Repression in the Hippo Signaling Pathway26 bp minimal HRE from the diap1 gene), and the Pol III-Renilla reporter as an
internal control. Twenty-four hours later, transfected S2R+ cells were seeded
into 96-well plates containing whole-genome double-stranded RNA (Open
Biosystems). The cells were then grown for 4 days to allow for target protein
depletion. After depletion, HRE-luciferase reporter gene activity was
measured using the Dual-Luciferase Assay System (Promega). After the data
were normalized to the Renilla internal control, the change in HRE-reporter ac-
tivity within each well was determined and assigned a Z score. Wells with Z
scores lower than 3.0 or higher than +3.0 were categorized as hits.
Drosophila Genetics
To generate a null mutation in CG10741, the P-element P[gy2]EY11498 (Bloo-
mington Drosophila Stock Center) was mobilized using D2–3 transposase
and the progeny of that cross were screened for loss of y+ expression. The
resultant y lines were screened for imprecise excision by PCR using one
primer upstream of the fourth and fifth exons (50-GTCGTTCTTTATGGCTTC)
of cg10741 and a second primer annealing to both the intergenic region be-
tween cg10741 and cg17689 and the 50-most end of cg17689 (50-GA
TACGCCGAGGATTGCTC). In wild-type flies, these primers generate a PCR
product of 3,929 bp. In tgiDP flies, these primers amplify a band of 1.75 kb
corresponding to removal of the entirety of the fourth and fifth exons, which ac-
count for >90% of the protein coding sequence. tgiDP was then recombined
with FRT80B for follow-up analysis. We generated sddel using the FRT/FLP-
mediated genomic deletion strategy (Parks et al., 2004), taking advantage of
two FRT-containing Exelexis lines (PBac{RB}sde00587 and PBac{RB}sde02321)
flanking the sd locus. sddel deletes all the coding exons of Sd without removing
any nearby genes (coordinates X:15705513–X:15719444).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2013.04.021.
ACKNOWLEDGMENTS
We thank Arnau Sebe´-Pedro´s and In˜aki Ruiz-Trillo for help with phylogenetic
analysis, Laura Johnston and Kun-Liang Guan for reagents, and Scott Barolo
for a critical reading of the manuscript. This study was supported in part by a
grant from the National Institutes of Health (EY015708 toD.P.). D.P. is an inves-
tigator of the Howard Hughes Medical Institute.
Received: April 15, 2012
Revised: April 28, 2013
Accepted: April 30, 2013
Published: May 28, 2013
REFERENCES
Affolter, M., Pyrowolakis, G., Weiss, A., and Basler, K. (2008). Signal-induced
repression: the exception or the rule in developmental signaling? Dev. Cell 15,
11–22.
Barolo, S., and Posakony, J.W. (2002). Three habits of highly effective
signaling pathways: principles of transcriptional control by developmental
cell signaling. Genes Dev. 16, 1167–1181.
Basler, K., and Struhl, G. (1994). Compartment boundaries and the control of
Drosophila limb pattern by hedgehog protein. Nature 368, 208–214.
Belteki, G., Haigh, J., Kabacs, N., Haigh, K., Sison, K., Costantini, F., Whitsett,
J., Quaggin, S.E., and Nagy, A. (2005). Conditional and inducible transgene
expression inmice through the combinatorial use of Cre-mediated recombina-
tion and tetracycline induction. Nucleic Acids Res. 33, e51.
Bischof, J., Maeda, R.K., Hediger, M., Karch, F., and Basler, K. (2007). An opti-
mized transgenesis system for Drosophila using germ-line-specific phiC31 in-
tegrases. Proc. Natl. Acad. Sci. USA 104, 3312–3317.
Campbell, S., Inamdar, M., Rodrigues, V., Raghavan, V., Palazzolo, M., and
Chovnick, A. (1992). The scalloped gene encodes a novel, evolutionarily400 Developmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inconserved transcription factor required for sensory organ differentiation in
Drosophila. Genes Dev. 6, 367–379.
Cavallo, R.A., Cox, R.T., Moline, M.M., Roose, J., Polevoy, G.A., Clevers, H.,
Peifer, M., and Bejsovec, A. (1998). Drosophila Tcf and Groucho interact to
repress Wingless signalling activity. Nature 395, 604–608.
Dong, J., Feldmann, G., Huang, J., Wu, S., Zhang, N., Comerford, S.A.,
Gayyed, M.F., Anders, R.A., Maitra, A., and Pan, D. (2007). Elucidation of a uni-
versal size-control mechanism in Drosophila and mammals. Cell 130, 1120–
1133.
Faucheux, C., Naye, F., Tre´guer, K., Fe´dou, S., Thie´baud, P., and The´ze, N.
(2010). Vestigial like gene family expression in Xenopus: common and diver-
gent features with other vertebrates. Int. J. Dev. Biol. 54, 1375–1382.
Geisler, F., Nagl, F., Mazur, P.K., Lee, M., Zimber-Strobl, U., Strobl, L.J.,
Radtke, F., Schmid, R.M., and Siveke, J.T. (2008). Liver-specific inactivation
of Notch2, but not Notch1, compromises intrahepatic bile duct development
in mice. Hepatology 48, 607–616.
Giot, L., Bader, J.S., Brouwer, C., Chaudhuri, A., Kuang, B., Li, Y., Hao, Y.L.,
Ooi, C.E., Godwin, B., Vitols, E., et al. (2003). A protein interaction map of
Drosophila melanogaster. Science 302, 1727–1736.
Goulev, Y., Fauny, J.D., Gonzalez-Marti, B., Flagiello, D., Silber, J., and Zider,
A. (2008). SCALLOPED interacts with YORKIE, the nuclear effector of the hip-
po tumor-suppressor pathway in Drosophila. Curr. Biol. 18, 435–441.
Gu¨nther, S., Mielcarek, M., Kru¨ger, M., and Braun, T. (2004). VITO-1 is an
essential cofactor of TEF1-dependent muscle-specific gene regulation.
Nucleic Acids Res. 32, 791–802.
Halder, G., and Carroll, S.B. (2001). Binding of the Vestigial co-factor switches
the DNA-target selectivity of the Scalloped selector protein. Development 128,
3295–3305.
Halder, G., and Johnson, R.L. (2011). Hippo signaling: growth control and
beyond. Development 138, 9–22.
Halder, G., Polaczyk, P., Kraus, M.E., Hudson, A., Kim, J., Laughon, A., and
Carroll, S. (1998). The Vestigial and Scalloped proteins act together to directly
regulate wing-specific gene expression in Drosophila. Genes Dev. 12, 3900–
3909.
Harvey, K., and Tapon, N. (2007). The Salvador-Warts-Hippo pathway - an
emerging tumour-suppressor network. Nat. Rev. Cancer 7, 182–191.
Huang, J., Wu, S., Barrera, J., Matthews, K., and Pan, D. (2005). The Hippo
signaling pathway coordinately regulates cell proliferation and apoptosis by in-
activating Yorkie, the Drosophila Homolog of YAP. Cell 122, 421–434.
Lee, T., and Luo, L. (1999). Mosaic analysis with a repressible cell marker for
studies of gene function in neuronal morphogenesis. Neuron 22, 451–461.
Liu-Chittenden, Y., Huang, B., Shim, J.S., Chen, Q., Lee, S.J., Anders, R.A.,
Liu, J.O., and Pan, D. (2012). Genetic and pharmacological disruption of the
TEAD-YAP complex suppresses the oncogenic activity of YAP. Genes Dev.
26, 1300–1305.
Maeda, T., Chapman, D.L., and Stewart, A.F. (2002). Mammalian vestigial-like
2, a cofactor of TEF-1 and MEF2 transcription factors that promotes skeletal
muscle differentiation. J. Biol. Chem. 277, 48889–48898.
Meignin, C., Alvarez-Garcia, I., Davis, I., and Palacios, I.M. (2007). The salva-
dor-warts-hippo pathway is required for epithelial proliferation and axis spec-
ification in Drosophila. Curr. Biol. 17, 1871–1878.
Me´thot, N., and Basler, K. (1999). Hedgehog controls limb development by
regulating the activities of distinct transcriptional activator and repressor forms
of Cubitus interruptus. Cell 96, 819–831.
Me´thot, N., and Basler, K. (2001). An absolute requirement for Cubitus inter-
ruptus in Hedgehog signaling. Development 128, 733–742.
Morel, V., and Schweisguth, F. (2000). Repression by suppressor of hairless
and activation by Notch are required to define a single row of single-minded
expressing cells in the Drosophila embryo. Genes Dev. 14, 377–388.
Oh, H., and Irvine, K.D. (2011). Cooperative regulation of growth by Yorkie and
Mad through bantam. Dev. Cell 20, 109–122.
Pan, D. (2010). The hippo signaling pathway in development and cancer. Dev.
Cell 19, 491–505.c.
Developmental Cell
Default Repression in the Hippo Signaling PathwayParks, A.L., Cook, K.R., Belvin, M., Dompe, N.A., Fawcett, R., Huppert, K.,
Tan, L.R., Winter, C.G., Bogart, K.P., Deal, J.E., et al. (2004). Systematic gen-
eration of high-resolution deletion coverage of the Drosophila melanogaster
genome. Nat. Genet. 36, 288–292.
Peng, H.W., Slattery, M., and Mann, R.S. (2009). Transcription factor choice in
the Hippo signaling pathway: homothorax and yorkie regulation of the
microRNA bantam in the progenitor domain of the Drosophila eye imaginal
disc. Genes Dev. 23, 2307–2319.
Polesello, C., and Tapon, N. (2007). Salvador-warts-hippo signaling promotes
Drosophila posterior follicle cell maturation downstream of notch. Curr. Biol.
17, 1864–1870.
Schweisguth, F., and Lecourtois, M. (1998). The activity of Drosophila Hairless
is required in pupae but not in embryos to inhibit Notch signal transduction.
Dev. Genes Evol. 208, 19–27.
Sebe´-Pedro´s, A., Zheng, Y., Ruiz-Trillo, I., and Pan, D. (2012). Premetazoan
origin of the hippo signaling pathway. Cell Rep. 1, 13–20.
Simmonds, A.J., Liu, X., Soanes, K.H., Krause, H.M., Irvine, K.D., and Bell, J.B.
(1998). Molecular interactions between Vestigial and Scalloped promote wing
formation in Drosophila. Genes Dev. 12, 3815–3820.
Toba, G., Ohsako, T., Miyata, N., Ohtsuka, T., Seong, K.H., and Aigaki, T.
(1999). The gene search system. A method for efficient detection and rapid
molecular identification of genes in Drosophila melanogaster. Genetics 151,
725–737.
Vaudin, P., Delanoue, R., Davidson, I., Silber, J., and Zider, A. (1999). TONDU
(TDU), a novel human protein related to the product of vestigial (vg) gene ofDeveDrosophila melanogaster interacts with vertebrate TEF factors and substitutes
for Vg function in wing formation. Development 126, 4807–4816.
Wu, S., Huang, J., Dong, J., and Pan, D. (2003). hippo encodes a Ste-20 family
protein kinase that restricts cell proliferation and promotes apoptosis in
conjunction with salvador and warts. Cell 114, 445–456.
Wu, S., Liu, Y., Zheng, Y., Dong, J., and Pan, D. (2008). The TEAD/TEF family
protein Scalloped mediates transcriptional output of the Hippo growth-regula-
tory pathway. Dev. Cell 14, 388–398.
Yu, J., Poulton, J., Huang, Y.C., and Deng, W.M. (2008). The hippo pathway
promotes Notch signaling in regulation of cell differentiation, proliferation,
and oocyte polarity. PLoS ONE 3, e1761.
Zhang, L., Ren, F., Zhang, Q., Chen, Y., Wang, B., and Jiang, J. (2008). The
TEAD/TEF family of transcription factor Scalloped mediates Hippo signaling
in organ size control. Dev. Cell 14, 377–387.
Zhang, N., Bai, H., David, K.K., Dong, J., Zheng, Y., Cai, J., Giovannini, M., Liu,
P., Anders, R.A., and Pan, D. (2010). The Merlin/NF2 tumor suppressor func-
tions through the YAP oncoprotein to regulate tissue homeostasis in mam-
mals. Dev. Cell 19, 27–38.
Zhao, B., Ye, X., Yu, J., Li, L., Li, W., Li, S., Yu, J., Lin, J.D., Wang, C.Y.,
Chinnaiyan, A.M., et al. (2008). TEADmediates YAP-dependent gene induction
and growth control. Genes Dev. 22, 1962–1971.
Zhao, B., Li, L., Lei, Q., and Guan, K.L. (2010). The Hippo-YAP pathway in or-
gan size control and tumorigenesis: an updated version. Genes Dev. 24,
862–874.lopmental Cell 25, 388–401, May 28, 2013 ª2013 Elsevier Inc. 401
